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An increasing body of evidence indicates that the oocyte plays an active role in the control of ovarian follicle development
in mammals. In the present study, we have examined the role of oocytes in regulating granulosa cell proliferation. Rat
and bovine oocytes cocultured with rat granulosa cells stimulated granulosa cell DNA synthesis and DNA content in the
cultures. FSH or cAMP further ampli®ed this effect. Poor-quality oocytes showed a marked decrease in their stimulatory
effect. Stimulation of DNA synthesis by bovine oocytes seems to be cell-type speci®c, since Swiss 3T3 ®broblasts and
CCL-64 mink lung epithelial cells were not responsive, while primary cultures of rat and bovine granulosa cells and the
bovine granulosa cell line BGC-1 showed signi®cant responses. Oocyte-conditioned medium produced only a slight stimula-
tion of rat granulosa cell DNA synthesis. However, the effect of oocyte coculture was dependent on the total incubation
volume, suggesting that the growth promoting activity was mediated by a soluble factor. The stimulation elicited by bovine
oocytes was evident even in the presence of maximally effective doses of transforming growth factor-b or tumor necrosis
factor-a, indicating that neither of these growth factors was responsible for this effect. In vitro maturation of bovine
oocytes was associated with a marked decrease in the stimulatory activity. This decrease was partially prevented when
maturation was blocked by addition of cycloheximide. Comparison of the developmental pattern of the secretion of the
growth promoting activity with that of the cumulus expansion-enabling factor indicated that both activities can be dissoci-
ated. Our data suggest the existence of a very labile factor produced by the oocyte before completion of the ®rst meiotic
division that promotes granulosa cell proliferation. q 1998 Academic Press
INTRODUCTION al. (1970), showing that removal of oocytes from Graa®an
follicles in rabbit ovaries induces luteinization of granulosa
cells, an increasing body of evidence has been accumulatedOvarian follicle development involves a tight coordina-
supporting the notion that the oocyte plays an active roletion between the growth and maturation of the oocyte, and
in the regulation of follicular development.the proliferation and differentiation of the surrounding so-
In several species a speci®c role of the oocyte in the regu-matic cells.
lation of cumulus cell function in vitro has been establishedOocyte growth seems to be stimulated by the c-kit ligand,
(Vanderhyden, 1993; Buccione et al., 1990b; Salustri et al.,produced by granulosa cells (Packer et al., 1994; Eppig et
1990). Cumulus expansion is induced in vitro by follicle-al., 1996). Subsequently, the maintenance of the oocyte in
stimulating hormone (FSH) by a cAMP-dependent mecha-the dictyate stage of the ®rst meiotic prophase is dependent
nism. However, removal of the oocyte from the cumulus±on a complex balance between intracellular factors, such as
oocyte complex impairs the ability to undergo cumuluscAMP, purines, and calmodulin, and intercellular commu-
expansion and to synthesize hyaluronic acid in response tonication with cumulus cells (Eppig, 1993). Granulosa cells
FSH or cAMP, indicating that oocytes produce a speci®chave been also shown to produce putative inhibitors and
cumulus expansion-enabling factor. Although porcine andactivators of the meiotic progression of mammalian oo-
bovine cumulus cell expansion does not depend on the pres-cytes, whose identity has not been clearly established (By-
ence of the oocyte, the existence of oocyte-derived factors,skov et al., 1997; Ismail et al., 1996).
On the other hand, after the initial studies by El-Fouly et capable of acting on granulosa cells on those species, has
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Louis, MO). Collagen was prepared from rat tails as previouslybeen evidenced by using heterologous systems (Vanderhy-
described (Bley et al., 1991).den, 1993; Singh et al., 1993; Ralph et al., 1995).
Soluble factors produced by the oocyte have been shown
to affect other parameters of cell differentiation in sur-
rounding granulosa cells. Vanderhyden and co-workers Cell Cultures and DNA Synthesis Assays
(Vanderhyden and Tonary, 1995; Vanderhyden et al., 1993)
reported that when the oocyte is removed from murine oo- (a) Rat granulosa cells. Ovaries were obtained from 24- to 25-
day-old female Sprague±Dawley rats after 3 days of DES treatmentcyte±cumulus complex (COC), estradiol production is de-
(subcutaneous Silastic implants containing 5 mg DES). Granulosacreased, whereas progesterone synthesis is enhanced. This
cells were prepared and cultured as previously described (Bley eteffect can be reversed by the addition of oocyte-conditioned
al., 1991). Brie¯y, the ovaries were punctured with a 30-gauge nee-media. In addition, an oocyte-derived, high-molecular-
dle and incubated in Dulbecco's modi®ed Eagle's medium (DMEM;weight factor that inhibits FSH-stimulated tissue-type plas-
4.5 g glucose/liter):Ham's F12 (F12; 1:1, Gibco BRL Products, Gaith-
minogen activator by cumulus and granulosa cells has been ersburg, MD), EGTA (6.8 mM), and Hepes (10 mM) (15 min at
preliminary characterized by Canipari et al. (1995). 377C), and then washed and incubated in DMEM:F12 (1:1), sucrose
There is also some experimental evidence for a stimula- (0.5 M), and Hepes (10 mM) (5 min at 377C). After incubation, the
tory effect of the oocyte on the proliferation of granulosa medium was diluted with 2 vol of DMEM:F12 and Hepes (10 mM),
and ovaries were allowed to sediment. Granulosa cells were ob-cells and the maintenance of the structural organization of
tained by pressing ovaries within two pieces of nylon mesh (Nytexthe ovarian follicle. DNA synthesis is greater in granulosa
50, Geneva, Switzerland). To eliminate contaminating theca/inter-cells closest to the oocyte than in those closest to the base-
stitial cells, the crude granulosa cell suspension was layered overment membrane (Hirsh®eld, 1986). Furthermore, Vanderhy-
a 40% Percoll solution in saline and centrifuged at 400g for 20 min.den et al. (1992) have demonstrated the mitogenic effect
The puri®ed granulosa cell layer was aspirated from the top of theof murine oocyte-secreted factors on granulosa cells from
Percoll solution and resuspended in DMEM:F12 (1:1) containing
preantral and antral follicles. At present, the identity of this bicarbonate (2.2 g/liter; pH 7.4).
factor(s) has not been established. In addition, a recent study Cells were seeded on plastic 96-well plates (Nunc A/S, Roskilde,
(Dong et al., 1996) has demonstrated that growth/differenti- Denmark) precoated with rat tail collagen. The initial plating den-
ation factor-9, a member of the transforming growth factor- sity was 3 1 105 viable cells/cm2. Cells were maintained at 377C
with 5% CO2. After 2 h, media were changed to remove non-b superfamily, expressed speci®cally in the oocyte
attached cells and were replaced with fresh media containing the(McGrath et al., 1995), is required during early ovarian folli-
different factors to be tested.culogenesis.
DNA synthesis was determined by [3H]thymidine incorporationAlthough FSH plays a central role in controlling both
according to a method previously validated in these culture condi-differentiation and proliferation of granulosa cells, its ac-
tions (Dain et al., 1993; Bley et al., 1992, 1997). Brie¯y, granulosations are known to be regulated by intraovarian steroids
cells were cultured in 96-well plates in the presence of different
and nonsteroidal factors, acting as autocrine or paracrine hormones and growth factors. Tritiated thymidine (4 mCi/ml) was
modulators (Greenwald and Roy, 1994). added to the cultures 24 h after plating. Cells were harvested 24 h
We have developed a de®ned rat granulosa cell culture later in glass hollow ®bers with a multiwell cell harvester (Nunc,
system that enabled us to demonstrate that FSH exerts Roskilde, Denmark), radioactivity was measured in a scintillation
counter. DNA content in cultures was determined using the ¯uo-cAMP-mediated comitogenic effects with insulin-like
rescent dye Hoechst 33258 as previously described (Labarca andgrowth factor-I (IGF-I) (Bley et al., 1992) and sex steroids
Paigen, 1990). Brie¯y culture medium was removed, cells were(Bley et al., 1997). On the other hand, since bovine oocytes
sonicated and incubated with Hoechst 33258 (100 mg/ml) and ¯uo-can be easily obtained and their meiotic maturation in vitro
rescence was measured in a Jasco FP-777 spectro¯uorometercan be effectively controlled, we chose the heterologous
(Tokyo, Japan) with excitation and emission wavelengths set at 350coculture system for studying the interaction between FSH
and 455 nm, respectively. DNA content in granulosa cells cultures
and oocyte-derived factors in the regulation of rat granulosa was evaluated 72 h after stimulation.
cell proliferation. Cell counts. Seventy-two hours after plating cultures were
washed, treated with trypsin (0.2%) for 5 min at 377C, and resus-
pended by repeated pipetting. Cell numbers were determined in a
hemacytometer in quadruplicate cultures.MATERIALS AND METHODS
(b) BGC-1 cells. BGC-1 cells were obtained by spontaneous
immortalization of primary bovine granulosa cell cultures (LernerHormones and Chemicals
et al., 1995; Bernath et al., 1990). BGC-1 cells were grown on 10-cm-
diameter plastic dishes in DMEM:F12 (1:1) medium supplementedOvine FSH (oFSH-17) was obtained from the National Hormone
and Pituitary Program. Transforming growth factor-b1 (TGF-b1) with sodium bicarbonate (2.2 g/liter) in the presence of 5% NCS
(newborn calf serum, GIBCO) and antibiotics.from porcine platelets was purchased from R&D Systems (Minne-
apolis, MN), recombinant mouse tumor necrosis factor-a (TNF-a) For DNA synthesis assay, BGC-1 cells were plated on collagen-
coated 96-well dishes at a density of 5 1 103 cells/well inwas from Genzyme Diagnostics (Cambridge, MA), and radioactive
thymidine was from DuPont NEN Research Products (Boston, MA). DMEM:F12 medium without serum. After 2 h, the indicated stim-
uli and [3H]thymidine (®nal concentration: 4 mCi/ml) were added.Diethylstilbestrol (DES), hyaluronidase, collagenase, Hoechst, and
all other reagents were obtained from Sigma Chemical Co. (St. Twenty-four hours later, cells were harvested with a cell harvester
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and the radioactivity incorporated into the DNA was measured as the presence of cycloheximide (CHX 10 mg/ml). After 24 h, oocytes
were denuded as previously described, carefully washed three timesindicated above.
(c) Bovine granulosa cells. Primary cultures of bovine granu- in CR1aa medium to remove CHX and cocultured with rat granu-
losa cells or stained to evaluate nuclear maturation. Oocyte matu-losa cells were established as previously described (Lerner et al.,
1995). Brie¯y, granulosa cells were collected from small-sized folli- ration was evaluated by the Hoechst stain technique (Pursel et al.,
1985). Oocytes were washed in PBS and incubated in Hoechst 33342cles (2±8 mm) by aspiration. Red blood cells were removed by a
brief (20-s) exposure to distilled water. Then, granulosa cells were solution (50 mg/ml in CR1aa medium) for 60 min at 397C under
5% CO2 atmosphere. Oocytes were washed twice in CR1aa andseeded at 5 1 105 living cells per 35-mm culture dish in 2 ml
DMEM:F12 (1:1) medium supplemented with sodium bicarbonate pipetted onto a slide spotted with a paraf®n wax:vaseline mixture.
A coverslip was placed directly over the center of the drop con-(2.2 g/liter) in the presence of 10% NCS and antibiotics. Cells were
allowed to grow at 377C in a 5% CO2 atmosphere for 2 days. taining the oocytes. Nuclear maturation was evaluated with a ¯uo-
rescence microscope and oocytes were classi®ed as germinal vesicleDNA synthesis in bovine granulosa cells was measured as indi-
cated for BGC-1 cells. (GV) or germinal vesicle breakdown (GVBD) stages.
(d) CCL-64 cells. CCL-64 cells were cultured essentially as de-
scribed by Danielpour et al. (1989). Cultures were maintained in
DMEM medium supplemented with sodium bicarbonate (2.2 g/
Isolation of Rat Oocytesliter) and 10% fetal bovine serum (FBS). For thymidine incorpora-
tion assays, cells were plated in 96-well plastic dishes at 7.5 1 103
Rat oocytes were isolated from ovaries of immature (25 days old)
cells/well in DMEM supplemented with 0.2% FBS. After 1 h, the
female Sprague±Dawley rats, as previously described (Zuccotti et
indicated stimuli were added. Twenty-two hours later [3H]-
al., 1991). Ovaries were minced and incubated in TC199 containing
thymidine (®nal concentration 10 mCi/ml) was added. Cells were
2.5 mg/ml collagenase and 400 U/ml DNase. After 20 min of incu-
harvested 2 h later and radioactivity incorporated into the DNA
bation at 377C under constant shaking, 1% BSA was added and the
was measured as previously indicated.
mixture was ®ltered through a 200-mm nylon mesh. The ®ltrate
(e) Swiss 3T3 cells. Swiss mouse 3T3 cells were cultured es-
was centrifuged at 190g for 2 min and the pellet was suspended in
sentially as previously described (Corps and Brown, 1993). Brie¯y,
TC199 with 2.4 mM EGTA. Three minutes later, the suspension
cells were grown in DMEM medium containing sodium bicarbon-
was centrifuged and the pellet was resuspended in TC199. When
ate (2.2 g/liter) and 10% FBS at 377C equilibrated with 10% CO2 vortexed for 2 min, zona pellucida-free oocytes were seen in the
in air. For measurements of initiation of DNA synthesis, cells were
medium.
plated in 96-well plastic dishes at 5 1 103 cells/well in DMEM
supplemented with 10% FBS. Three days later, medium was re-
placed and then cells were allowed to become con¯uent and quies-
cent (3±4 days). Depleted medium was removed and replaced by Isolation of Mouse Cumulus Oocyte Complexes
fresh serum-free DMEM medium containing the stimulus to be and Removal of Oocyte Content
tested and [3H]thymidine (®nal concentration 3 mCi/ml, 1006 M).
Twenty-eight hours later, cells were harvested and the radioactivity Mouse ovaries were obtained from 23- to 25-day-old BALB/c
incorporated into the DNA was measured. mouse injected 44 to 46 h previously with 5 IU pregnant mare's
serum gonadotropin. Cumulus-oocyte complexes (COCs) were ob-
tained by puncturing large follicles with 25-gauge needles in TC199
Isolation and in Vitro Maturation of Bovine medium with Earle's salts supplemented with 5% fetal bovine se-
Oocytes rum (FBS), plus 100 IU penicillin G and 50 mg/ml streptomycin
sulfate.
Bovine ovaries were collected at a local slaughterhouse from beef Removal of oocyte from isolated COCs (oocytectomy) was per-
cows and heifers just after slaughter. Ovaries were transported to formed by the technique previously described by Vanderhyden et
the laboratory at 307C and washed three times with prewarmed al. (1990) with the use of a Leitz Labovert FS inverted microscope
saline solution. Cumulus±oocyte complexes were manually aspi- and two Leitz micromanipulators.
rated from 2- to 8-mm follicles using an 18-gauge needle ®tted to
a 5-ml syringe. Oocytes were classi®ed as: (A) cumulus±oocyte
complexes surrounded by 3 or more layers of unexpanded cumulus
cells and homogeneous cytoplasm, and (B) oocytes partially de- Assessment of Cumulus Expansion in Intact and
nuded or having a heterogeneous cytoplasm (Leibfried and First, Oocytectomized Complexes
1979). Cumulus cells were removed by vortexing COCs in TC199±
Hepes containing 0.1% hyaluronidase for 2 min followed by gentle COCs and oocytectomized complexes (OOX) were transferred to
drops of 25 ml TC199 medium with Earle's salts, bicarbonate (2.2pipetting and carefully washed three times in CR1aa medium (Ro-
senkrans et al., 1993). g/liter; pH 7.4), supplemented with 5% FBS plus 100 IU penicillin
G and 50 mg/ml streptomycin sulfate. oFSH (500 ng/ml) was addedCOCs were cultured in 4-well plates (Nunc, Copenhagen, Den-
mark) containing TC199 medium (50 COCs/500 ml medium) with to promote cumulus expansion. The medium was overlaid with
mineral oil and complexes were incubated for 18 h at 377C in 5%Earle's salts (GIBCO, NY), bicarbonate (2.2 g/liter; pH 7.4) and sup-
plemented with 5% fetal bovine serum, oFSH (200 ng/ml) plus 100 CO2 in humidi®ed air. At the end of the culture period, cumulus
expansion was assessed according to a subjective scoring system (0IU penicillin G and 50 mg/ml streptomycin sulfate. The medium
was overlaid with mineral oil and COCs were incubated for 22± to/4) described by Vanderhyden et al. (1990). A score of 0 indicates
no expansion with cumulus cells adhered to the dish, and /4 indi-24 h at 397C in an atmosphere of 5% CO2 in humidi®ed air.
To inhibit spontaneous meiotic maturation in vitro, another cates the maximal degree of expansion, where all layers of cumulus
cells, including the corona radiata, have expanded.group of COCs was cultured in the same maturation medium in
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TABLE 1
Effect of Oocyte Coculture on DNA Content
Treatment DNA content (mg/well)
Control 0.96 { 0.04
FSH 1.14 { 0.03
Oocyte 1.45 { 0.09**
FSH / Oocyte 1.59 { 0.05**
Note. Granulosa cells were cultured in either control medium
(control) or FSH (20 ng/ml) in the absence or presence of 15 oocytes/
well. DNA content was determined after 72 h of treatment. Values
are means { SEM of quadruplicate cultures. Asterisks indicate sig-
ni®cant difference compared with control (**P  0.001). No sig-
ni®cant differences were observed between control cultures (72 h)
and initial DNA content (0 h, 1.09 { 0.08 mg/well).
midine uptake, we measured the DNA content in the granu-
losa cell cultures and veri®ed that the coculture with bovine
oocytes is associated with a net increase over the values
FIG. 1. Effect of bovine oocytes on rat granulosa cell DNA synthe- measured at plating (Table 1).
sis. Granulosa cells were cocultured with increasing number of
bovine oocytes. Oocytes were classi®ed into two groups: (A) high-
quality oocytes and (B) poor-quality oocytes. [3H]Thymidine incor-
poration was performed for 24 h starting 24 h after plating. Results TABLE 2
are represented as percentage of maximal responses of three inde- Cell Type Speci®city of Oocyte-Stimulated DNA Synthesis
pendent experiments. Poor-quality oocytes (group B) showed a de-
creased stimulatory effect compared to high quality oocytes (P  [3H]Thymidine
0.01, AllFit and F test for the ED50). incorporation
Cell culture Treatment (cpm/well)
BGC-1 Control 2,370 { 390
Oocyte (15/well) 3,760 { 60*Statistical Analysis EGF 5,547 { 130**
EGF / IGF-I 6,630 { 180**Results are expressed as the mean { SEM of triplicate cultures.
Statistical comparisons of the results were made using one-way Bovine granulosa cell Control 1,245 { 160
analysis of variance (ANOVA) and Tukey±Kramer's test for multi- primary culture Oocyte (15/well) 2,245 { 90*
ple comparisons (Sokal and Rohlf, 1995). Statistical analysis of the IGF-I 4,875 { 685**
dose±response curves were performed using a computer program
CCL-64 Control 4,000 { 450(ALLFIT) based on a four-parameter logistic equation and F test
Oocyte (20/well) 4,010 { 100(DeLean et al., 1978). Experiments were carried out at least three
TGF-b (0.1 ng/ml) 3,280 { 160*times, with similar results.
TGF-b (0.3 ng/ml) 2,020 { 300**
TGF-b (1 ng/ml) 800 { 60**
RESULTS Swiss 3T3 Control 6,060 { 790
Oocyte (20/well) 5,840 { 700
EGF 22,920 { 750**Effect of Coculture with Bovine Oocytes on Rat
PG F2a 56,700 { 3900**Granulosa Cell DNA Synthesis
Note. BGC-1 cells, bovine granulosa primary cultures, CCL-64,Rat granulosa cells were cocultured with freshly isolated
or Swiss 3T3 cells were cultured in the absence (control) or presencebovine oocytes. Oocytes were classi®ed in two groups ac-
of bovine oocytes. Speci®c stimuli were used to assess the respon-cording to the morphological appearance as indicated under
siveness of the different cell cultures: Epidermal growth factorMaterials and Methods: group A (good quality oocytes) and
(EGF, 10 ng/ml), insulin-like growth factor (IGF-I, 100 ng/ml), trans-group B (poor quality oocytes). As shown in Fig. 1, oocytes
forming growth factor-b (TGF-b, 0.1±1 ng/ml), and prostaglandin
stimulated granulosa cell DNA synthesis in a number-de- F2a (PG F2a, 400 ng/ml). [3H]Thymidine incorporation was per-
pendent fashion. Poor quality oocytes showed a lower po- formed as described under Materials and Methods for each cell type.
tency in their stimulatory effect compared to high-quality Values are means { SEM of triplicate cultures. Asterisks indicate
oocytes (P  0.01 All®t). signi®cant difference compared with respective controls (*P 0.05,
**P  0.01).In order to rule out artifacts derived from changes in thy-
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FIG. 2. Effect of FSH and cAMP on oocytes-stimulated granulosa cell DNA synthesis. (A) Granulosa cells were cultured in absence or
presence of bovine oocytes (15 oocytes/well) with increasing concentrations of FSH. (B) Granulosa cells were cultured in either control
medium (control), FSH (20 ng/ml) or dibutyryl-cAMP (Bt2cAMP, 0.3 mM) in the absence or presence of 15 oocytes/well. [3H]Thymidine
incorporation was performed for 24 h, starting 24 h after plating (*P  0.05, **P  0.01 when compared with control cells cocultured
with oocytes).
The effect seems to be cell-type speci®c since bovine oo- et al., 1994; Chen et al., 1993; Ghiglieri et al., 1995), a series
of experiments were conducted to determine whether thecytes failed to stimulate DNA synthesis in other cell types
such as Swiss 3T3 ®broblasts and CCL-64 epithelial cells stimulatory action of bovine oocytes on granulosa cell DNA
synthesis could be ascribed to either of these cytokines.(Table 2), whereas they increased thymidine incorporation
in bovine granulosa cell line BGC-1 and primary cultures The stimulation elicited by oocytes was evident even in
the presence of maximally effective doses of TGF-b or TNF-of bovine granulosa cells (Table 2).
a (5 and 10 ng/ml, respectively) (Fig. 3), indicating that nei-
Effects of FSH and cAMP ther of these growth factors was responsible for the oocyte-
induced increase on granulosa cell thymidine incorporation.We then analyzed the effect of FSH on oocyte-stimulated
In addition, the stimulatory effect of bovine oocytes wasgranulosa cell DNA synthesis. Granulosa cells were cul-
not neutralized by an anti-TGFb antibody (data not shown)tured with increasing concentrations of FSH in the absence
and no TGF-b activity in oocytes was detected by CCL-64or presence of bovine oocytes (15 oocytes/well). Figure 2A
cells bioassay (Table 2).shows that FSH produced a biphasic ampli®cation on oo-
cyte-stimulated granulosa cell thymidine incorporation,
Effect of Oocyte Maturationwith maximal effects (1.5-fold increase) observed with doses
between 20 and 60 ng/ml. Addition of FSH also produced a We then hypothesized that if the action of the oocyte on
slight but consistent increase in the DNA content of the granulosa cell growth was restricted to certain stages of
cultures over those seen with coculture alone (Table 1). In follicular development, then this activity might change dur-
the presence of the gonadotropin, coculture with bovine ing oocyte maturation. To test the effect of oocyte matura-
oocytes also elicited a signi®cant increase in the granulosa tion on the stimulatory action on rat granulosa cells, cumu-
cell numbers measured after 72 h in culture (81.5 { 5.0 lus±oocyte complexes were maturated in vitro for 24 h
thousand vs 59.7 { 2.3 thousand cells/well, P  0.005). In (IVM) or treated with cycloheximide (10 mg/ml) for 24 h to
the absence of oocytes, granulosa cell numbers after 72 h prevent spontaneous maturation (CHX). Later, oocytes were
in culture were not signi®cantly different from those ob- denuded, extensively washed to remove CHX and added to
served at plating (63.0 { 2.5 thousand cells/well). granulosa cell cultures in a DNA synthesis assay. Oocytes
The ampli®cation of oocyte-stimulated DNA synthesis were stained by the Hoechst technique and the percentages
elicited by FSH could be reproduced by the addition of a of germinal vesicle breakdown (GVBD) were determined to
cAMP analog, dibutyryl-cAMP (Bt2cAMP, 0.3 mM) (Fig. 2B). evaluate the proportion of oocytes that had reassumed mei-
osis in different groups. None of the freshly isolated oocytes
Comparative Effects of Transforming Growth showed GVBD (n  15), whereas the percentages of GVBD
Factor-b and Tumor Necrosis Factor-a in IVM and CHX were 100% (n  14) and 15.4% (n  13),
respectively. Resumption of meiotic maturation was ob-Based on previous reports showing the presence of TGF-
b and TNF-a in oocytes of different species (Marcinkiewicz served 24 h after removal of CHX (GVBD 80%, n  15).
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FIG. 3. The stimulatory effect of oocytes is not due to trans-
forming growth factor-b (TGF-b) or tumor necrosis factor-a (TNF-
a). The effect of oocyte coculture was evaluated in the presence of FIG. 4. Effect of oocyte maturation on granulosa cell DNA synthe-
maximally effective concentrations of TGF-b or TNF-a. Granulosa sis. Granulosa cells were cocultured with increasing numbers of
cell were cultured in the absence or presence of oocytes (15/well) freshly isolated oocytes (FI), mature oocytes (IVM), or oocytes
in control medium (control) or with the addition of TGF-b (5 ng/ treated with cycloheximide (10 mg/ml) for 24 h to prevent spontane-
ml) or TNF-a (10 ng/ml). [3H]Thymidine incorporation was carried ous maturation and later washed to remove this inhibitor (CHX).
out for 24 h starting 24 h after plating. Results are means { SEM [3H]Thymidine incorporation was performed for 24 h starting 24 h
of triplicate determinations (**P  0.01 compared with respective after plating. Values are means { SEM of duplicate cultures. ED50control cultures). for dose±response curves for FI and IVM oocytes were signi®cantly
different (P  0.001, AllFit).
Mature oocytes (IVM) were less effective than freshly iso-
lated oocytes (FI) in stimulating granulosa cell DNA synthe- incorporation and this effect was ampli®ed by FSH (Fig. 5).
sis (Fig. 4). Oocytes whose maturation was prevented by The stimulation of rat granulosa cell DNA synthesis was
CHX treatment showed a potency that was intermediate also evident in the presence of TGF-b (5 ng/ml) or a combi-
between those of freshly isolated and mature oocytes. nation of FSH and TGF-b.
Effect of Oocyte-Conditioned Medium
TABLE 3Oocyte-conditioned medium (O-CM), obtained by incu-
Effect of Oocyte-Conditioned Mediumbating 140 oocytes in 50 ml of medium, produced a slight,
but statistically signi®cant, stimulation of rat granulosa cell [3H]Thymidine incorporation
DNA synthesis in the absence or presence of FSH (Table 3). (cpm/well)
However O-CM (10%, equivalent to 28 oocytes) was unable Culture
conditions Control FSHto reproduce the effect of the presence of 15 oocytes/well
on granulosa cell DNA synthesis. On the other hand, as
Control 900 { 125a 725 { 50ashown in Table 4, the stimulatory effect was found to be
O-CM (10%) 1570 { 130b 1,775 { 135b
proportional to the ratio of oocytes to the incubation vol- Oocyte (15/well) 7900 { 500c 12,200 { 250d
ume, suggesting the involvement of soluble factors.
Note. Oocyte-conditioned medium (O-CM) was obtained by in-
cubating 140 oocytes in 50 ml of medium for 24 h. Granulosa cells
Effect of Rat Oocytes on Rat Granulosa DNA were cultured in absence (control) or presence of FSH (20 ng/ml)
with 15 oocytes/well or 10% O-CM (equivalent to 28 oocytes/well).Synthesis
[3H]Thymidine incorporation was carried out for 24 h, starting 24
We tested whether the stimulatory activity was exclusive h after plating. Values are means { SEM of triplicate cultures.
to bovine oocytes and for this purpose we cultured rat gran- Values with no common letters are signi®cantly different (P 0.05,
ulosa cells in the presence of homologous oocytes. Rat oo- ANOVA and Tukey±Kramer's multiple comparisons test after
logaritmic transformation of data).cyte coculture produced a twofold increase in thymidine
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TABLE 5TABLE 4
Expansion of FSH-Stimulated Oocytectomized Cumulus CellEffect of Incubation Volume on Oocyte-Stimulated
DNA Synthesis Complexes by Coculture with Denuded Bovine Oocytes or
Addition of Oocyte-Conditioned Medium
Incubation [3H]Thymidine
Oocytes/ volume incorporation % Complexes expanded
Culture conditions (n, repeats)well (ml) (cpm/well)
0 100 695 { 30a Control 0 { 0 (n  20, 3 repeats)a
FI Oocytes (15/drop) 95 { 5 (n  17, 3 repeats)b0 200 620 { 35a
10 100 12335 { 530b IVM Oocytes (15/drop) 92 { 5 (n  21, 3 repeats)b
O-CM 67 { 16 (n  18, 3 repeats)b10 200 6875 { 795c
5 100 6465 { 465c
Note. Oocytectomized cumulus±oocyte cell complexes were cul-
tured with FSH (500 ng/ml) in medium (control), with freshly iso-Note. [3H]Thymidine incorporation was carried out for 24 h,
starting 24 h after plating. Values are means { SEM of triplicate lated (FI, 15 oocyte/drop), mature oocytes (IVM, 15 oocytes/drop),
or oocyte-conditioned medium (O-CM, 15 ml). Cumulus expansioncultures. Values with different letters are signi®cantly different (P
 0.01). was assessed after 18 h as indicated under Materials and Methods.
Cumulus classi®ed as /3 and /4 on the expansion scale were
considered expanded. O-CM was prepared by incubating denuded
bovine oocytes 6 h at 1 oocyte/ml medium. A proportion of 15 FI
oocytes/drop was used as this showed to be minimal ratio of oo-Comparative Effects of Oocytes on Cumulus
cytes required to elicit a maximal stimulation. Values are meansExpansion and Granulosa Cell DNA Synthesis
{ SEM (n, number of OOX complexes assayed, number of repeats).
We next tried to determine whether the stimulatory ac- Values with different letters are signi®cantly different (P  0.05,
tivity of bovine oocytes on granulosa cell DNA synthesis ANOVA and Tukey±Kramer's multiple comparisons test after arc-
could be assigned to the cumulus expansion-enabling factor. sin transformation of proportions). In each experiment, expansion
of intact murine cumulus±oocyte complexes (COCs) in responseAlthough bovine cumulus cell expansion does not depend
to FSH was evaluated as a reference: Control, 4 { 4% (n  55, 5on the presence of oocyte, bovine oocytes have been shown
repeats); FSH (500 ng/ml), 99 { 1% (n  53, 5 repeats) (P  0.001).to produce a factor that enables murine cumulus cell expan-
sion (Ralph et al., 1995).
To determine the effect of bovine oocyte maturation on
the production of cumulus expansion-enabling activity,
mouse cumulus±oocyte complexes were microsurgically
deprived from oocyte (OOX) and cocultured with FI or IVM
oocytes in the presence of FSH (500 ng/ml). Cumulus expan-
sion in the different treatment groups is shown in Table
5. OOX complexes underwent maximal expansion when
cocultured either with immature oocytes or in vitro ma-
tured denuded oocytes (95 and 92%, respectively).
These results suggested that oocyte-derived mitogenic ac-
tivity was different from the cumulus expansion-enabling
factor, since while the ®rst activity markedly decreased
upon maturation, the latter did not change. Furthermore, O-
CM, prepared at 1 oocyte/ml of medium for 6 h, stimulated
cumulus expansion (67%, Table 5) while the same O-CM
did not reproduce the effect of oocyte coculture on granu-
losa cell DNA synthesis (data not shown and Table 3).
DISCUSSION
FIG. 5. Effect of rat oocytes on homologous granulosa cell DNA Using either a homologous or a heterologous system we
synthesis. Granulosa cells were cultured in absence or presence of
were able to demonstrate that bovine oocytes can promoterat oocytes (25 oocytes/well) under control conditions (control),
cell proliferation in granulosa cells and that this effect iswith FSH (20 ng/ml), TGF-b (5 ng/ml), or a combination of both.
dependent on the meiotic maturation.[3H]Thymidine incorporation was performed for 24 h starting 24 h
Bovine oocytes can be easily obtained and stripped fromafter plating. Values are means { SEM of triplicate cultures (*P 
0.05, **P  0.01 when compared with respective controls). cumulus cells and their progression through meiosis can be
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controlled in vitro. On the other hand, the de®ned culture DNA synthesis (SaraguÈ eta et al., 1997; Dorrington et al.,
1988), we determined that this growth factor is not responsi-system for rat granulosa cells used in the present study has
been extensively characterized in terms of the differential ble for the stimulatory action of oocytes in our culture con-
ditions since: (1) oocytes stimulated DNA synthesis evenresponsiveness to hormones and growth factors (SaraguÈ eta
et al., 1997; Bley et al., 1991, 1992, 1997). This interspecies in the presence of maximally effective concentrations of
TGF-b (Fig. 3), (2) the effect of the oocytes was not neutral-system may thus offer substantial advantages over other
models requiring a micromanipulation step to separate the ized by an anti-TGF-b antibody, and (3) TGF-b activity was
not detected in by a speci®c bioassay (CCL64) for this cyto-oocyte from the cumulus oophorus and the use of serum
supplements in the culture media. kine (Table 2).
Similarly, the observation of a stimulatory action of oo-Freshly isolated bovine oocytes stimulated rat granulosa
cell DNA synthesis and differences in the stimulatory effect cyte coculture in the presence of saturating doses of TNF-
a (Fig. 3) strongly suggests that this cytokine is not responsi-were observed when oocytes were classi®ed by their mor-
phological appearance. This later observation probably re- ble for the observed effect.
Recently a new member of the TGF-b superfamily, the¯ects differences in oocyte health or developmental stage,
since those classi®ed as suboptimal (class B) are known to growth-differentiation factor-9 (GDF-9), had been identi®ed
and was found to be speci®cally expressed in the ovary ofpresent a lower ability to undergo meiosis I in vitro and to
be fertilized (Leibfried and First, 1979). adult mice (McPherron and Lee, 1995). GDF-9 mRNA was
detected exclusively in oocytes at all stages of follicularVanderhyden and co-workers (1992) have reported that
mouse oocytes promote proliferation of granulosa cells from development, except in primordial follicles (McGrath et al.,
1995). Targeted deletion of GDF-9 led to sterility in homo-both preantral and antral follicles. They have determined
that oocytectomy results in a decrease in follicle cell prolif- zygous female mice. Oocytes in GDF-9 knock-out mice
grow and secrete a zona pellucida, but follicles form onlyeration and the addition of medium conditioned by oocytes
restores proliferation at least to the level of intact control one layer of granulosa cells, indicating that GDF-9 is re-
quired for normal ovarian folliculogenesis (Dong et al.,follicles. Using a different experimental approach, we deter-
mined that this effect could be evidenced in immature rat 1996). The dramatic effect of this gene on follicular develop-
ment and the similitude between the effects of bovine oo-granulosa cells cultured under de®ned conditions using ei-
ther an homologous or heterologous system. Furthermore, cytes and those of TGF-b1 in our system would point to
GDF-9 as a candidate for the oocyte-derived stimulatorywe have shown that the stimulatory effect of bovine oocytes
can be ampli®ed by FSH in a biphasic fashion. A similar activity.
It has been suggested that the steroid-regulating activitybiphasic effect was also seen for the interaction of this go-
nadotropin with sex steroids, IGF-I or TGF-b (Bley et al., produced by the oocyte may be a steroidal factor (Vanderhy-
den and Tonary, 1995). This may explain the strict require-1992, 1997) using the same experimental model and would
indicate that physiological concentrations of FSH are re- ment for coculture to evidence the stimulatory effect in
our system, since the putative steroid precursor should bequired to evidence its mitogenic effect.
The FSH ampli®cation of oocyte-stimulated granulosa produced by granulosa cells. To test whether bovine oocytes
were able to metabolize any of the steroids produced bycell proliferation could be reproduced by dibutyryl-cAMP.
This result suggests that the oocyte factor(s) acts either in- granulosa cells, cocultures were incubated with tritiated
pregnenolone and steroid metabolites were analyzed bydependently or downstream from FSH-induced cAMP pro-
duction. thin-layer chromatography as previously described (Lerner
et al., 1995). We found that coculture with bovine oocytesStimulation of DNA synthesis by bovine oocytes seems
to be cell-type speci®c, since Swiss 3T3 ®broblasts and produced only minor quantitative differences in the propor-
tion of pregnenolone metabolites produced by rat granulosaCCL-64 mink lung epithelial cells were not responsive,
while primary cultures of rat and bovine granulosa cells and cells (data not shown). Therefore, steroid metabolites do not
seem to be involved in this paracrine interaction.the bovine granulosa cell line BGC-1 showed signi®cant
responses. On the other hand, Vanderhyden and Tonary (1995) re-
ported that the oocyte-secreted factor inhibits progesterone,In an attempt to identify the factor(s) responsible for the
stimulatory effect of bovine oocytes we compared its effect while it stimulates estradiol production in murine cumulus
granulosa cells. We have previously shown that in our sys-with those of TGF-b or TNF-a. Both factors had been pre-
viously shown to be present in oocytes from different spe- tem estradiol synergizes with FSH in the stimulation of
DNA synthesis, whereas progesterone is without effectcies (Marcinkiewicz et al., 1994; Chen et al., 1993; Ghiglieri
et al., 1995), and to modulate rat granulosa cell DNA syn- (Bley et al., 1997). However, in the absence of exogenous
aromatizable androgens, granulosa cell cultures are unablethesis (Lanuza et al., 1996; Dorrington et al., 1988). More-
over, TGF-b1 has been shown to reproduce the effect of the to synthesize estradiol (data not shown). Therefore, the am-
pli®cation of the oocyte-stimulated DNA synthesis by FSHsoluble factor(s) released by the oocyte in the FSH-stimu-
lated hyaluronic acid synthesis in cumulus cells (Tirone et cannot be explained by an increase in estradiol levels in the
culture.al., 1997; Salustri et al., 1989). Although bovine oocytes
mimicked some of the effects of TGF-b on granulosa cell The mechanism involved in the growth-promoting activ-
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